Two methods were used to validate age determination of horse mackerel otoliths. In the first, whole otoliths were examined with a light microscope. Age was determined by identifying and counting annuli. Marginal increment widths were also measured and served to estimate ages, which ranged from 0.6-4.3 years. In the second method, otoliths were examined with a scanning electron microscope and fish ages were determined by daily increment counts. Sixty-four otolith specimens from the Southeast Atlantic and 24 from the Northeast Atlantic were aged by counting the daily growth increments. The number of daily increments was highly variable within each growth zone. Ages exceeding 365 days in the first annual growth zone indicated that the first annulus was not always deposited in some fish. The variable daily increment counts in the first year's growth zones may be related to the very protracted spawning season of horse mackerel. Examination of subsequent growth zones indicated that false rings and annuli are often of a similar visual appearance and that true annuli can only be identified if concurrent measurements of growth zone widths are available. Estimated ages agreed with ages derived by counting daily increments, thus validating the ages of horse mackerel up to four years.
Introduction
Horse mackerel (Trachurus trachurus) otoliths are notoriously difficult to age (Farina Perez, 1983; Arruda, 1984; Hatanaka and Kawahara, 1985; Wysokinski, 1985; Shcherbich, 1992; Kerstan, 1995) , and otoliths from specimens from the Agulhas Bank region of the Indian Ocean (Trachurus trachurus capensis) have been shown to have particularly complicated ring structures (Kerstan, 1995) . Annual growth zones on the otoliths of horse mackerel do not always consist of one opaque and one translucent zone, but may contain double or multiple translucent zones. False rings may be similar in appearance to true annual rings (Kerstan, 1995) and may be erroneously interpreted as annual rings. The potential for inaccurate ageing of this species is high and can result in a wide variation of age estimates for horse mackerel (Katsuyama, 1984) . We compare the results of age determination by conventional methods, using whole otoliths, with those determined by daily increment counts, with the intention of validating the former method.
Materials and methods
A total of 170 otoliths were collected from Trachurus trachurus capensis, in the total lengh (TL) range 5-38 cm. The fish were caught off the west and south west coasts of South Africa between AprilAugust 1994 and September 1992. Eighty-eight otoliths from Trachurus trachurus trachurus in the TL range 9-29 cm were obtained from the North Atlantic in April 1985.
In this study, the term ''growth zone'' refers to a section of the otolith which consists of an opaque (white when viewed against a black background under reflected light) and a translucent (dark when viewed in the same conditions) component. An annual growth zone (AGZ) represents one or more growth zones comprising one year of growth. A false ring is a translucent margin of a growth zone and a juvenile ring is a false ring which occurs in the first year of life. An annulus is the translucent margin at the end of one year's growth. These terms are illustrated in Figure 1 .
The radii of the suspected annual growth zones (r) and false rings (f) on the whole otoliths (Figure 2 ), were measured at 25 magnification on the lateral face, using a graticule in the eyepiece of the microscope. The total radius (R) between the primordium and the postrostral tip was also measured for each otolith. Some otoliths from smaller South Atlantic fish did not have any translucent structures, so only R was measured on these specimens. Precision was 4-10 d, depending on daily increment widths in the otolith section concerned.
Two methods were used to count the daily increments. The increments on otoliths from fish below 15-cm TL were counted using a light microscope. Increments on otoliths from larger fish were made visible by grinding and etching in the longitudinal plane and counted from scanning electron micrographs.
Ages of 248 whole otoliths that displayed translucent rings were estimated from the sizes of the marginal increments (MI), using the method given in Kerstan (1985 Kerstan ( , 2000 . In this method, ages are assigned based on the appearance and size of the MI compared to the size of other growth zones on the otolith. In otoliths that are difficult to interpret because of false rings, measurement of the annual growth zones on unambiguous otoliths gives the reader an indication of the size and appearance of the annual growth zones, thus helping to identify false rings. Otoliths that showed a period of growth between the last annulus and the margin could be accurately aged by comparing the size of the annual growth zones with the MI. After these measurements had been completed, the same otoliths were photographed and then prepared for scanning electron microscopy (SEM), as described below.
The otoliths were mounted in dental resin in silicone moulds and ground along the longitudinal plane, using 500-1200 grit silicone carbide paper. The exposed surface was then polished with 0.05 mm alumina powder and etched for 90-120 seconds in 0.01 M EDTA solution. The blocks were then mounted onto SEM stubs, cleaned ultrasonically and sputter coated with gold palladium. The otoliths were examined with a Leo S440 SEM which allowed the samples to be examined horizontally, without tilting.
Otoliths that showed a clear sequence of daily increments from primordium to postrostral tip were photographed at between 600 and 1000 magnification. The resulting prints were joined together to form montages of the otoliths along the longitudinal plane. Daily increments were enumerated three times by one reader, the readings being at least a week apart. In areas where the increments were unreadable, the number was estimated by interpolation from neighbouring sections (Waldron et al., 1991) . The three counts were averaged. An otolith was rejected if:
(1) Otolith surfaces were under-or over-etched. Different otoliths require slightly different etching times. Each otolith was monitored during the etching and the process stopped as soon as the otolith was judged ready. This was a subjective decision and resulted in some otoliths still being smooth (underetched) and others with the ring structure destroyed by over-etching. A total of 19.5% of the otoliths were rejected for this reason.
(2) Daily increments were indiscernible in the postrostral margins. Even if the sequence of rings was unbroken through the rest of the otolith, it was considered important that the increments at the edge of the otolith were visible. These increments are usually very narrow and it was thought that interpolation in this area would be inaccurate. A total of 7% of the otoliths were rejected. (3) The primordium was not exposed. In order to be confident that the otolith has been ground along the longitudinal plane and the maximum number of increments made visible, the primordium must be exposed. The increment widths in this area can vary, so interpolation would be inaccurate. A total of 10.5% of the otoliths were rejected for having no visible primordium. (4) 10% or more of the surface was unreadable. Since interpolation of the unreadable areas relies on data from readable areas, it was thought necessary to limit the percentage of unreadable area on any one otolith. If this was more than 10% of the whole area read, the otolith was rejected. This was the criterion by which the most otoliths were ejected (31%). (5) If the totals of the counts differed from each other by more than 10%, the otolith was rejected. Only 2.5% of the otoliths were rejected for this reason.
Growth zones were mapped onto the SEM montages of the otoliths using the measurements determined by optical microscopy. The positions of annuli and false rings could be marked on the montages and the total number of daily increments in each section could then be counted. Rather than adding up the total number of daily increments and dividing by 365 to give the total age of the fish in years, each growth zone or marginal increment was analysed separately, taking into account the appearance of the translucent ring and the size of the growth zone. This was done because there are often less than 365 increments in an annual growth zone, so simply adding the increments will give a low and misleading total. For instance, an otolith that has three clear annuli and a marginal increment, might only have 1061 daily increments. This would give an age of 2.9 years if divided by 365, but a more realistic age would be between three and four years.
Daily increment widths were also measured for each otolith photographed. The first ten increments on the otolith were measured and an average width calculated.
This was carried out all the way along the longitudinal plane to the postrostral tip. In this manner, an average ring width for each ten days of the fish's life was obtained.
The otoliths from 40 small South Atlantic fish between 5.1-14.3 cm TL were examined under a light microscope. There were two problems in examining these otoliths. First, they were too thick for the daily increments in the centre to be seen. The otoliths were therefore mounted, medial face up, in a small drop of Crystalbond resin on a warm glass slide. The slide was allowed to cool until the resin became hard. A small amount of the medial face of the otolith was ground away with 1200 grit silicone carbide paper. The exposed surface was then polished with 0.5 m alumina paste. The glass slide was reheated and when the resin had melted, the otolith was turned over in order to expose the lateral face. The glass slide was then allowed to cool again. Second, when the core of the otolith was polished sufficiently to see the primordium, increments at the edge were erased, so those increments that could be seen on the edge of the otolith were counted until a distinctive ring was reached. This was usually a ring that was more pronounced than the rings on either side and could be followed round most of the otolith (Figure 3) . The otolith was then carefully ground until more increments towards the centre of the otolith could be seen (thus erasing some of the increments at the edge) but the distinctive ring could still be recognised. Each section of the otolith was counted three times before grinding deeper. In this manner, all the daily increments on the otolith could be counted. Each otolith was ground between one and three times in order to expose and count all the daily increments. Small otoliths were rejected if:
(1) The three counts in each section differed by more than 10%, this caused 5% of the otoliths to be rejected. Figure 3 . Light micrograph illustrating a prominent ring on a small horse mackerel otolith aged using a light microscope. Bar=1 mm.
Prominent ring
(2) The distinctive ring was accidentally erased. This resulted in 7.5% of the otoliths being rejected.
Results
Sixty-four out of 170 otoliths of South Atlantic horse mackerel, and 24 out of 88 North Atlantic horse mackerel provided reliable increment counts according to the criteria outlined in the previous section. Thirty of the 64 South Atlantic otoliths were small and examined by light microscopy; the rest were examined with a SEM. Table 1 shows the results of the SEM study. The estimated ages are those that were determined using the MI method on whole otoliths. The age from increment counts is the age derived from counting the daily increments in each growth zone. The results indicate that the estimated ages were generally correct and that the horse mackerel specimens can be assigned to the correct age groups and year classes. The average precision of the MI method of age interpretation appeared to be 0.2 yr.
The number of increments within all the growth zones proved to be highly variable. The counts indicated that 0-group fish could be as large as 16.9 cm TL (Table 1) . 1-group fish ranged from 13.2-21.9 cm TL, 2-group fish ranged from 15.1-25.6 cm TL, 3-group fish ranged from 16.7-38.3 cm TL, and 4-group fish ranged from 29.2-35.5 cm TL. Otoliths from fish older than one year permitted an easier discrimination of juvenile and false rings because the translucent structures could be compared visually. Annuli tended to be more intense, sharper and clearer cut than false rings (Figure 4 ). In general, if an annual growth zone consisted of two growth zones in the first year of life, this pattern was continued in subsequent years.
Otoliths from juvenile South Atlantic horse mackerel between 5.1-14.3 cm that were examined with a light microscope indicated that none of the fish was older than 274 d. None of the otoliths showed any translucent structures, but they were examined to give an independent impression of otolith size, the number of days before the completion of the first annulus and an estimate of otolith size before false ring deposition.
In larger fish from the South Atlantic, the number of increments corresponding to the first annual growth zone varied from 161-408. The second annulus was complete after 264-356 increments. There were only five three-year-old fish in the South Atlantic sample, with the third annulus being deposited between 213 and 335 increments after the second annulus. In fish from the North Atlantic, the first annulus was deposited after 201-368 increments and the second annulus between 202 and 356 increments. The third annulus appears to have been deposited 142-351 increments after the second annulus. The South Atlantic sample showed that 21% had more than 365 increments in their first year of growth, but only 4% of the North Atlantic fish showed the same pattern. Although the mean ring widths in the marginal increments of the otoliths from each location were very similar (1.6 m and 1.7 m), the increments on the otolith margins of horse mackerel in the North Atlantic were harder to determine on the SEM photographs because they were fainter than on otoliths from South Atlantic fish.
Most annuli in the whole otoliths could be distinguished from false rings by their sharper images and high contrast (Figure 4 ) and only three fish were incorrectly aged. Two fish from the South Atlantic were thought to be 1.1 years old, but after counting the daily increments, both turned out to be 0.8 years old so the juvenile ring was misidentified as being an annulus. One of these otoliths is shown in Figure 5 and it can be seen that the otolith has a complicated ring structure with a prominent juvenile ring. The otolith radius appears large for a fish less than one year old (2.1 mm) but when compared with measurements of first annual growth zones on other fish, it is not unusually large. The other incorrectly aged fish presented a different problem. The estimated age of this fish was given as 3.0 yr but its actual age was 2.0 yr. The fish was from the North Atlantic and had a wide first annual growth zone ( Figure 6 ) and was thought to have small second and third annual growth zones. The second translucent ring had the characteristics of an annulus, but the daily increment counts revealed that it must be a false ring. There were 346 increments in the first growth zone, but only 109 increments between the first and second (which was thought to be an annulus) translucent rings. If the second translucent ring is taken as a false ring, then there would be 297 increments in the second annual growth zone. This indicates that the otolith had two wide annual growth zones and the fish is only 2.0 years old.
Daily increment deposition in the otoliths of horse mackerel seemed to follow a general pattern over the first year. Otolith growth after primordium formation was marked by narrow but clear increments during the first 10-20 d. Daily increment widths subsequently increased until they reached the maximum around 70-110 d. Increment widths then gradually decreased until about 230 d, after which they either remained fairly stable or increased slightly in size. There was a difference in mean ring widths between North Atlantic and South Atlantic fish. The South Atlantic fish tended to be older (101 d) at maximum ring widths than the North Atlantic fish (84 d). In general, the minimum ring width in the first year of life in South Atlantic fish (2.5 m) was larger than that of the North Atlantic fish (1.9 m). The ring deposition patterns over the rest of the fish's life often mirrored the pattern of the first growth zone (Figure 7 ), but with a general decrease of increment width with age. Annulus locations did not necessarily correspond to the narrowest rings on the otolith, but seemed to coincide with a change in structure and/or width of the increments. All the otoliths were marked by frequently occurring but irregularly spaced discontinuities.
A comparison of otolith radius sizes and corresponding ages of the fish from the North Atlantic and South Atlantic (Figure 8) showed that the otoliths from oneand two-year-old North Atlantic fish were not markedly different to the South Atlantic fish of similar ages. In the older age groups, however, the North Atlantic fish appear to have smaller otoliths than their counterparts in the South Atlantic. The mean ring widths for each location reflected this fact ( Table 2 ). The mean daily increment width was 3.6 m in North Atlantic specimens and 3.9 m in South Atlantic otoliths. Table 2 also shows that the mean ring widths for fish from the South Atlantic have consistently larger micro-increments in each year of their lives, and these fish tend to deposit their annuli at an older age than the North Atlantic fish.
Discussion
It is apparent that the numbers of daily increments within each annual growth zone vary and do not necessarily add up to 365. This has been found in other fish living in South African waters (Waldron, 1994) . Fewer than 365 daily increments in each annual growth zone should be regarded as the norm for several reasons: firstly, the time elapsed between hatching date and first annulus formation is most likely to be less than one year in most specimens of a year class (Radtke et al., 1985) ; secondly, preparation techniques, microscope resolution and otolith structure may result in inaccurate increment counts (Campana and Neilson, 1985; Sogard, 1991; Parrish et al., 1994) ; thirdly, micro-increments may not be formed on a daily basis, especially in the older fish (Miller and Stork, 1982; Morales-Nin, 1987) .
We do not consider our preparation technique as a potential source of bias because it is a standard method (Morales-Nin, 1987; Berghahn and Karakiri, 1990) which allows the narrowest increments to be detected. In some otoliths, there were areas in which increments were not visible; this is thought to be due to either differential etching or a change in the composition of the otolith (Waldron and Gerneke, 1997) . If the otolith was unreadable over more than 10% of its area it was discarded. Some increments could have been lost in discontinuities. These abrupt changes in the appearance of the increments are associated with a change in habitat or with environmental stress (Morales-Nin, 2000) . Other increments were not visible due to asymmetrical growth, but it is thought unlikely that as many as 60-80 daily increments in some annual growth zones would be unaccounted for. Alternatively, as increment loss and growth discontinuities appear to correspond to changes in metabolic activity, daily increment suppression may be a result of poor somatic growth (Sogard, 1991) after periods of restricted feeding (Jones and Brothers, 1987; Alhossaini and Pitcher, 1988) . The low numbers of increments in the second, third and fourth annual growth zones of fish from both locations may be speciesspecific or related to increased age (Morales-Nin, 1987; Radtke et al., 1985) . Increment counts exceeding 365 in the first annual growth zone were of similar concern since they questioned the general validity of the annuli as accurate indicators of age. However, Iles and Johnson (1962) found that early hatched individuals of sprat (Sprattus sprattus) deposited an annulus at the time/event of annulus formation at the end of the growing year. The late hatching fish apparently did not deposit an annulus at the same time/event. These findings may also be valid for South Atlantic horse mackerel. The spawning season is protracted in South African waters (Hecht, 1990; Naish, 1990) so only a portion of the fish spawned in any one year will have an annulus. This could explain why the lengths-at-age given in Hecht (1990) corresponded to those of the next higher age group in a more recent study (Kerstan, 1995) . The portion of fish spawned before the fast growing season (and therefore having an annulus in the first year of growth) varies from year to year. In this study, 15% of South Atlantic fish and 4% of North Atlantic fish would have been assigned to the wrong year class because they had more than 365 daily increments on their otoliths before the first annulus was Juvenile ring (mistaken for first annulus) Figure 5 . An otolith from a fish caught in the South Atlantic, in which the juvenile ring was mistaken for the first annulus. Bar=0.5 mm.
deposited. For this reason, the marginal increment method is the more accurate for ageing horse mackerel.
Annual growth zones containing false rings have been reported in both North and South Atlantic horse mackerel (Farina Perez, 1983; Wysokinski, 1985) and our results confirm this. Annual growth zone radius measurements from unambiguous samples are necessary when viewing samples with complicated ring patterns. Erroneous age determinations are more likely to occur in specimens younger than two years old, where comparatively few but large translucent rings can overemphasise the nature of the false ring. This study has confirmed that the estimated ages read from the whole otoliths are generally correct up to the age of four years. Nearly all fish were placed in the correct age group, thus confirming that the reader can effectively distinguish between annuli and false rings and can assign the fish to the correct year class. This is an important requirement for assessment purposes, in particular if false rings occur during the juvenile period. However, horse mackerel is a long lived species and validation is still needed for the five years and older fish.
It appears that otoliths from the South Atlantic horse mackerel are larger than those from North Atlantic fish of a similar age. The appearances of the annuli are similar, although the South Atlantic fish have a more complicated otolith structure displaying more false rings. Otolith structure and ring patterns reflect changes in environmental conditions (Pannella, 1980) and numerous false rings of similar appearance are indicative of a constantly varying environment.
The marginal increment method (Kerstan, 1985 (Kerstan, , 2000 allowed ages of the horse mackerel to be estimated to within, on average, 0.2 years. This method, which is based on the appearance and size of the marginal increment, is successful with both the North Atlantic and South Atlantic horse mackerel populations, This would suggest that the method can be used successfully on all stocks of horse mackerel. An estimation of the time of annulus formation from the visual appearance of the opaque and translucent margin (Hecht, 1990) is not recommended because of the high number of undetermined margins (Arruda, 1987) and the scope for subjective interpretations. Therefore the classification of margins as complete or incomplete, by their visual appearance alone, is not recommended. 
